Abstract: Some representatives of the bivalve family Sphaeriidae are assumed to be polyploid. In this study, 11 sphaeriid species (nine of the genus Pisidium, one of Musculium, and one of Sphaerium) inhabiting central Europe were studied karyologically, 10 of them for the first time. Analysis revealed high chromosome numbers (from 140 to 240). To elucidate the origin of high chromosome numbers, DNA contents were measured by flow cytometry in 5 of the studied species and, for comparison, in S. corneum and S. nucleus, which are known to be diploid (2n=30). Species with high chromosome counts yielded very similar DNA contents that are not higher than in the related species with low diploid numbers. This finding contradicts a possible origin of these species by recent polyploidization or hybridization of related species. Chromosome complements of the investigated species with high chromosome numbers differ from those with low 2n in their small chromosome size and the high proportion of subtelo-or acrocentric chromosomes. This indicates their possible origin either by an ancient polyplodization event followed by chromosomal rearrangements or by multiple chromosome fissions.
Introduction
In molluscs, polyploidy has been reported in 5 gastropod families [1] and in the bivalve order Veneroida [2] [3] [4] . All these groups are hermaphroditic and in some of them either self-fertilization [1] or parthenogenesis [2] has been demonstrated. Within the Veneroida, triploidy occurs in some lineages of the genera Lasaea (Lasaeidae) [2] and Corbicula (Corbiculidae) [3, 4] and high ploidy levels are typical for the freshwater family Sphaeriidae. The last group is characterized by a small body size (adults of some species do not exceed 2 mm) and viviparity (development of the larval stages in specialized nutritive tissues within the parent's gills). It comprises 3 genera: Sphaerium and Musculium, considered as closely related, and Pisidium. Up to now, only 15 sphaeriid species have been studied cytogenetically. Only 4 of them were considered diploid:
Sphaerium corneum (2n=30 and 2n=36, respectively) [5] [6] [7] Kořínková, unpublished] , S. nucleus (2n=30) (Kořínková, unpublished.), S. rhomboideum (2n=44) [8] and S. nitidum (2n=30) [7] , The remaining 11 species exhibited chromosome counts from 100 to 247 [7] ). Lee and Ó Foighil [9] considered the pattern of chromosome numbers within the Sphaerium-Musculium clade to be a consequence of ancient polyploidization, whereas within the genus Pisidium they found molecular evidence for recent autopolyploidization, based on the sequences of the multiple alleles of the single-copy gene for 6-phosphogluconate dehydrogenase. Most of the karyotype studies on sphaeriids have been carried out on polyploid taxa from America. Pisidium casertanum is the only Palaearctic species that had been studied previously [10, 11] .
Despite the occurrence of polyploidy in the family Sphaeriidae, there are no data on genome sizes in this group. In other bivalves genome size has been determined by various methods in over 100 species of 8 families. The C-values range from 0.69 pg in Crassostrea virginica (Ostreoida: Ostreidae) to 5.4 pg in Acila castrensis (Nuculoidea: Nuculidae). A veneroid clam closely related to Sphaeriidae, Corbicula japonica, exhibits a C value equivalent to 1.94 pg (measured by Feulgen densitometry) (Gregory, T.R., 2010: Animal Genome Size Database, http://www.genomesize.com).
The goal of the present study was primarily to collect karyological data from central European species in order to screen for the range and distribution of chromosome numbers. DNA contents were measured in selected species representing different points of the range, with the aim to test for a possible correlation between chromosome number and C-value.
Experimental Procedures

Material
Specimens of 11 species (9 of the genus Pisidium, 1 of Musculium, and 1 of Sphaerium) were collected from spring 2007 to spring 2009 at 16 sites listed in Table 1 . When possible, at least 15 individuals were sampled from each site (using a bowl-shaped sieve), transported into the laboratory in small containers containing wet filter paper, and processed within three days of collection.
Preparation of chromosomes
Animals were incubated in 0.02% colchicine in tap water for 6 to 18 hours. In larger species (M. lacustre and S. rivicola), gonads were removed and used for chromosome preparations. In Pisidium, the preparations were made from the whole body except the foot and digestive tract. The tissues were hypotonised in 0.02% colchicine in deionised water for 30-35 min and fixed in two changes (5 and 15 min) of methanol: acetic acid (3:1-v:v) fixative. Finally, each piece was dissociated in a drop of 60% acetic acid on a microscope slide with the aid of fine tungsten needles. The slide was then placed on a hot plate heated up to 45°C and the suspension was smeared using a fine tungsten needle. Preparations were air-dried overnight, stained with 5% Giemsa solution in Sörensen phosphate buffer (pH 6.8) for 25 min, and inspected under an Olympus BX 50 microscope. Black-and-white images of chromosome plates were made with a CCD camera DP 71 (Olympus) and analysed using the program Cell D (Olympus). Wellspread prometaphases and metaphases of mitosis were used to count chromosomes. For each population, the highest recorded chromosome number was considered to represent the correct diploid number. When possible, rough sorting of the chromosomes into the morphological types was attempted. The classification was done according to the arm ratio (long arm/short arm) [12] .
Flow cytometric analysis of nuclear DNA content
Nuclear DNA content was measured in 7 species with high chromosome counts ( Table 2 ) and 2 species with a diploid genome exhibiting 2n=30 (S. corneum and S. nucleus). When possible, specimens were collected from the same population as used for chromosome preparations; populations from distal, hardly accessible or temporary habitats were replaced by more suitable ones. From each population, at least 2 specimens were measured on different days. Tissues were processed following the simplified two-step procedure version A for unfixed cells [13] , with slight modifications. In brief, a small piece of tissue (typically about 20 mg), usually from the foot of individual, was first homogenised in Otto's Buffer I containing 0.1 M citric acid and 0.5% Tween [14] , mixed, and filtered. After addition of 1 ml of Otto's buffer II (containing 50 μg of RNAse, and 50 μg of propidium iodide), the final mixture was incubated for 10-15 min in the dark at room temperature (RT) before analysis. The nuclear DNA content was measured by the flow cytometer LSRII (BD Biosciences) with acquisition software FACSDiva 6.1.2. Human leukocytes (ca. 10 6 /ml), prepared in the same way as the sample, were used as a reference standard. Both external (separate measurements of the sample and standard) and internal standardization (sample and standard mixed together before staining) were tried out. The former method proved to be more suitable.
The measurements of the samples and standards followed at short intervals with the same FACS settings. Measurement of each sample was repeated at least twice. Multiple sets of samples were measured, each set on a different day. The C-values of species under investigation were then calculated using the peak means of the measured sample and the standard as follows:
DNA content (sample) = peak mean (sample)/peak mean (standard) x DNA content (standard)
For DNA content of the standard, the C-value of human male (3.22 pg, [15] ) , was used.
Results
Chromosome numbers of the studied species are listed in Table 1 . (Where a range is given, some of the plates could not be counted accurately.) The lowest chromosome number in a presumably complete mitotic metaphase was Chromosome morphology could be distinguished only at a few late mitotic metaphases. All morphological types were present in all the species investigated; metacentric and submetacentric chromosomes usually made up about one third of the chromosome complement. In all species there were up to 3 larger meta-to subtelocentric chromosome pairs. It was not possible to group the remaining chromosomes into pairs of homologous chromosomes or groups of homeologous chromosomes Table 2 . DNA contents of species studied.
Data include: brief reference to the collection site (see Table 1 owing to their small and gradually decreasing size; the smallest chromosomes were less than 1 μm long.
In preparations of S. rivicola, over 30 plates of the first meiotic division (pachytene to metaphase I) were obtained, usually each with 110-120 bivalents. From late diplotene till metaphase I, chiasmata could be observed on the larger bivalents, usually only one, exceptionally two, per bivalent (Figure 1 -Part C -image d).
From P. henslowanum (2n=190), 2 postpachytene plates with 95 bivalents and one incomplete diakinesis with chiasmate bivalents were obtained.
C-values are summarised in Table 2 ; selected measurements are compared in Figure 2 . C-values of the species investigated (based on comparisons with human leukocytes as the reference standard) ranged from 2 (P. amnicum) to 2.85 (S. rivicola) pg per cell. There was no significant correlation between chromosome number and C-value (Figure 3 ).
Discussion
The present study provides data on chromosome numbers and morphology of 11 bivalve species of the family Sphaeriidae and on C-values of selected species. All the 11 species investigated exhibit high chromosome numbers (140 in P. nitidum up to 240 in S. rivicola), which fall within the range of previously reported chromosome counts in sphaeriids (see [8] for an overview).
The chromosome number of S. rivicola (2n=240) observed in this study is the highest recorded within the genus Sphaerium. The striking difference in chromosome numbers between the S. corneum group (S. corneum and S. nucleus 2n=30 [6] ) and representatives with high 2n (more than 200 chromosomes) raises the question of monophyly of the genus. Molecular data corroborate its subdivision into 4 groups [16] and place S. rivicola into the proximity of North American species of the subgenus Amesoda, rather than in a close relationship with the S. corneum group. However, even Sphaerium species with strikingly different chromosome numbers can be closely related, provided that polyploidization was involved in speciation within the genus. Petkeviciute et al. [8] hypothesize on the basis of karyotype and molecular data that S. rhomboideum (2n=44) represents a diploid ancestor of polyploid S. occidentale (2n=209-213). The Sphaerium species investigated in this study, despite having different chromosome numbers, showed very similar DNA contents. Their C-values were close to that of a diploid representative of the related family Corbiculidae, Corbicula japonica (C=1.94 pg, Gregory, T.R., 2010: Animal Genome Size Database, http://www.genomesize.com), in which 2n=38 [17] . The C-values thus do not imply any recent polyploidization taking place among the investigated species. However, identification of ancient polyploids on the basis of genome size comparison is complicated because of the phenomenon of genome downsizing, which occurs in many groups of organisms after a polyploidization event [18, 19] and might be a possible explanation for the situation found in Sphaeriidae throughout the course of this study. The genome size can undergo significant reductions even in newly arisen polyploids [20] . In paleopolyploids, the situation is often further complicated by the absence of the diploid progenitor [19] . Indeed, our data suggest that if extant diploid ancestors of S. rivicola exist at all, they must be found outside the S. corneum group.
Considering the genus Pisidium, the estimates of chromosome numbers in P. casertanum from 3 populations in the Czech Republic (180, 190 and 200, respectively) agree with the data reported in [10] and [11] (180 and 190 chromosomes, respectively). The difference in chromosome counts between our and earlier studies (ca. 10 chromosomes) can be regarded as intraspecific variability or as an artefact resulting from counting incomplete or poorly spreaded mitotic plates. It would be highly interesting to compare the C-value of the S. casertanum population exhibiting 2n=150 with those of the populations possessing 180 or 190 chromosomes. Unfortunately, this population was no longer available for the flow cytometric analysis. Among the 9 Pisidium species investigated, neither chromosome numbers nor DNA contents gave any evidence for some of the karyotypes being derived from another one by a single, recent polyploidization event, such as that reported by Lee and Ó Foighil [9] in P. dubium and P. adamsi. As in Sphaerium, also among the Palaearctic representatives of the genus Pisidium no potential ancestor species with low chromosome number has so far been found. Another approach to determine the level of polyploidy of an organism is to analyse the meiotic pairing of chromosomes. Polyploidy can cause formation of multivalents, univalents and other pairing irregularities in meiosis. However, meiotic cells can exhibit some correction mechanisms that facilitate regular formation of bivalents, especially in allopolyploids, by enforcing homologous pairing and hindering homoeologous pairing [21, 22] . Thus, correct pairing of chromosomes in meiosis can be achieved through evolution and the course of meiosis in paleopolyploids is usually the same as in diploid organisms (diploidization). Interestingly, metaphase I plates of S. rivicola seemed to consist mainly or exclusively of bivalents, whose number roughly corresponded to half the chromosome number in somatic cells (110-120 bivalents = ca. 240 mitotic However, a more detailed phylogenetic analysis would be necessary to evaluate precisely the relationships among the species investigated and to elucidate the role of polyploidization and chromosomal rearrangements in the evolution of their karyotypes. chromosomes). However, owing to the condensation and small size of these bodies, it cannot be excluded that some of them are univalents. An analogous situation was found in P. henslowanum, although the observation was based only on a limited number of meiotic plates.
An alternative to the hypothesis on polyploidy is suggested by the fact that sphaeriid species with high chromosome numbers differ from S. corneum, S. nucleus and S. rhomboideum in their smaller chromosome size and higher proportion of uniarmed (subtelocentric or nearly acrocentric) chromosomes. The length of chromosomes in mitotic metaphase ranges from 3 μm to almost 13 μm in S. corneum [6] and 2 to 6 μm in S. rhomboideum [8] , whereas in the species with high chromosome numbers it was usually about 1 μm. The predominance of small uniarmed chromosomes in karyotypes of species with high 2n points out to multiple chromosome fissions. These could have acted in the karyotype evolution and caused an increase of chromosome number by splitting one biarmed chromosome into two uniarmed. Alternatively, if the previously discussed old polyploidization event was involved in the ancient history of the sphaeriid clade, it might have been followed by chromosomal rearrangements, evolutionary diploidization and reduction of the genome.
Many examples of clades that have diverged from a common polyploid ancestor by genome rearrangements are known in various organisms, especially in angiosperms (see [23, 24] for references). Lee and O´Foighil [9] proposed this mechanism as the most probable scenario for phylogeny of the North American Sphaerium-Musculium clade. The present study suggests that this phenomenon may also be typical for the Palaearctic sphaeriid species.
